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Landscape and seascape structures are typically complex and manifest as patch mosaics within char-
acteristic biomes, bordering one another in gradual or abrupt ecotones. The underlying patch structure in
coastal shelf ecosystems is driven by the interaction of tectonic, sedimentary, and sea level dynamic
processes. Animals and plants occupy and interact within these mosaics. Terrestrial landscape ecological
studies have shown that patch structure is important for ecological processes such as foraging, con-
nectivity, predation, and species dynamics. The importance of patch structure for marine systems is less
clear because far fewer pattern-process studies have been conducted in these systems. For many coastal
shelf systems, there is a paucity of information on how species occupy shelf seascapes, particularly for
seascapes imbued with complex patch structure and ecotones that are common globally due to tectonic
activity. Here, we present the results of a study conducted along a myriameter-scale gradient of bottom
and sub-bottom geological forcing altered by tectonic deformation, sea level transgression and sediment
allocation. The resulting seascape is dominated by unconsolidated sediments throughout, but also ex-
hibits increasing density and size of outcropping patches along a habitat patch gradient forced by the
erosion of a sea level transgressive surface that has been deformed and tilted by tectonic forcing. A
combination of sub-bottom proﬁling, multibeam bathymetry, and ROV surveys of the habitats and the
demersal megafauna occupying the habitats indicate (1) signiﬁcant beta diversity along this gradient, (2)
biological diversity does not scale with habitat diversity, and (3) species occupy the patches dispro-
portionately (non-linearly) with regard to the proportional availability of their preferred habitats. These
results indicate that shelf habitat patch structure modulates species speciﬁc processes and interactions
with other species. Further studies are needed to examine experimentally the mechanics of how patch
structure modulates ecological processes in shelf systems. Our results also provide further support for
including multiple spatial scales of patch structure for the application of remote habitat sensing as a
surrogate for biological community structure.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
One of the most fundamental topics in ecology is that of un-
derstanding the dynamics of patches. All ecosystems exist in
patches in time and space, and the description of patch structure
has occupied ecologists since the late 1800's (Haeckel, 1890). The
creation and maintenance of patches touches upon most dominant
ecological topics including dispersal, recruitment, disturbance,Ltd. This is an open access article usuccession, and foraging. Patterns of underlying habitat structure
are closely linked to biological patch structure in both terrestrial
and aquatic biomes (Turner, 1989; Bostrom et al., 2011).
The importance of spatial habitat pattern on ecological pro-
cesses is well established for terrestrial biomes (Wiens, 1995), and
has become an increasing focus of study in marine systems which
are inherently more difﬁcult to study especially at deeper shelf
depths (>30 m). Recent studies of coastal shelf and slope species
indicate that multi-scale habitat patch structure is important for
ecological patterning as smaller-scale patch structure interacts
with broader-scale seascape to contextualize species-speciﬁc pat-
terns of habitat utilization and biodiversity (Hewitt et al., 2005;nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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This underscores the need for a reﬁned understanding of (1) how
shelf ecological processes are modulated by, and interact with,
multi-scale habitat patchiness (Turner, 1989; Anderson et al., 2005,
2009), and (2) how these processes manifest as emergent patterns
of biodiversity and trophic structure. Such reﬁnement is also war-
ranted for increasing the precision of estimating megabenthic
species and community structure based on ﬁne-scale digital
elevation models (Wedding et al., 2011; Anderson et al., 2009).
Continental shelf habitats are highly heterogeneous as a result of
multiple structuring processes (Shepard, 1948). Oceanographic and
sedimentary processes, sea level change, and tectonic deformation
control the geomorphology and the thickness and distribution of
sediments along continental shelves (Ryan et al., 2007; Pratson
et al., 2007). The relative importance of these processes varies
globally and regionally, resulting in a continuum of characteristic
patch types and spatial scales. Tectonically deformed coastal
shelves are common, exhibiting highly complex seascapes and
patch structure. Tectonic deformation structures shelf geo-
morphology through (1) the deformation of transgressive surfaces
(Le Dantec et al., 2010; Hogarth et al., 2012; def., regional un-
conformities formed bywave erosion as sea level rose following the
last glacial maximum, manifesting as boundaries between lithiﬁed
Pleistocene deposits below and Holocene sediments above), and (2)
subsequent effects on patterns of sediment deposition and erosion
(Le Dantec et al., 2010). Thus, tectonic deformation controls the
distribution and patch structure of unconsolidated sediments and
emergent hard ground both directly and indirectly (Hogarth et al.,
2007). Sediment deposition and erosion patterns are affected by
the interaction of the underlying geomorphology with grain size,
and surface and internal wave energy (Emery, 1956; Cacchione and
Drake, 1986; Cacchione et al., 2002). The geomorphology of
tectonically deformed shelves therefore is dominated by habitat
gradients ranging from thick sediments to outcropping hardground
and gradational mixed patch structure in between, all dependent
on the dip of the underlying transgressive surface. The spatial dis-
tribution and shape of these patches can be dynamic over ecological
time scales where unconsolidated sediments are thin and subject to
redistribution by surface and internal waves, or near submarine
canyons, river mouths (Shepard et al., 1974), or where human use
alters the supply and erosion of sediments (Thrush et al., 2004).
In this study, we utilized a myriameter-scale transgressive sur-
face gradient as a natural laboratory to investigate the effects of
such gradients on habitat patch structure and how this patch
structure affects habitat utilization by megabenthos. Speciﬁcally,
we hoped to (1) utilize seismic sub-bottom proﬁling to visualize
gradational patch structure and sediment thicknesses along a
transgressive surface gradient, (2) relate habitat structure and
length scales to patterns of megabenthic abundance and diversity,
and (3) gage how species distributional and community diversity
patterns scale with habitat composition across common
geologically-forced shelf habitat gradients. The latter addresses
how animals respond differently to habitat patch structure at
different spatial scales, thus supporting a reﬁned understanding of
how benthic habitat affects community structure and diversity.
This study was intended as a ﬁrst step to support subsequent
pattern-process studies wherein the patches identiﬁed in this study
will be used to stratify studies of ecological patch processes. The
study was conducted off San Diego County (California, USA) where
the shelf is dominated by multiple faults (Hogarth et al., 2007)
resulting in complex transgressive surface gradients.
2. Methods
Compressed high intensity radar pulse (CHIRP) seismic data andmultibeam sonar datawere used to deﬁne shelf habitats (30e120m
depths) off La Jolla and Del Mar, CA (USA). Video surveys were
conducted using a remotely operated vehicle (ROV) to ground truth
CHIRP (seismic) andmultibeam data, and to quantify the occupying
megabenthos at ﬁne spatial scales. Speciﬁcally, (1) ﬁne-scale re-
lationships between the spatial distribution of benthos with sub-
stratum texture and thickness were examined using CHIRP and
multibeam data and ROV video recorded along the CHIRP transects,
(2) these relationships were characterized graphically and statis-
tically for the most commonly observed species and taxonomic
groups, (3) links between geological processes and habitat patterns
important for the reef and sedimentary biological communities
were examined, and (4) patterns of megafaunal diversity and
abundance were examined in relation to this geologically-forced
habitat structural gradient.
2.1. Geological setting
The study region consisted of the La Jolla/Del Mar shelf where
the topography and bathymetry has been greatly altered by the
active Rose Canyon strike-slip fault (Fig. 1). Complex geomorphic
features include the La Jolla Submarine Canyon (LJSC), Mt. Soledad
(uplifted ~150 m), and a ‘popup’ feature off Del Mar (Hogarth et al.,
2007 - Del Mar Popup Feature e DMPF), which shoals north of the
LJSC (Fig. 1). Tectonic uplift and deformation of ancient andmodern
sediments is evident from sub-bottom proﬁles of sedimentary se-
quences north of the LJSC, which are spatially related to offsets of
the Rose Canyon fault system (Fig. 1; Le Dantec et al., 2010). The
study area was chosen to span the shoaling hard sub-bottom ho-
rizon along the soft-sediment dominated shelf (Henry, 1976).
2.2. Geophysical surveys
High resolution swath bathymetry and compressed high in-
tensity radar pulse (CHIRP) seismic data were acquired in the
nearshore marginal shelf from Torrey Pines State Reserve to
Penasquitos Lagoon (Fig. 1) in 2002, 2003, and 2015. Swath
bathymetric surveys were conducted using an interferometric
swath bathymetric sonar. Sub-bottom proﬁles were acquired using
a modiﬁed CHIRP system consisting of a dual-transducer sonar
with an ADSL link between the towﬁsh and topside computers. The
CHIRP sonar swept with a frequency of 1e5.5 kHz yielding sub-
meter resolution. CHIRP survey procedures are described in detail
in Le Dantec et al. (2010) and Hogarth et al. (2007, 2012).
2.3. ROV surveys
Three ROV transects were conducted along the alongshore
CHIRP transects that best covered the full extent of the shoaling
transgressive surface. ROV survey tracks followed CHIRP transects
as closely as possible (CHIRP lines 3, 5, and 7 - Fig. 1). The resulting
survey area encompassed much of the DMPF from the
~30 me120 m contours (cross-shore distances ranged from ~3200
to 3700 m). Surveys were conducted 14 August (CHIRP 7), and 21
October (CHIRP3), 2013 and 25 January, 2014 (CHIRP 5).
A SeaBotix LBV-150 equipped with a SeaBird SBE 37 MicroCAT
CTD, 2 external LED lights (1080 lumen, 140 beam angle), and red
scaling lasers (5 cm separation) was used to survey the bottom for
composition andmegabenthos. The ROVwas deployed from a small
surface vessel (8 m length) cruising at a velocity of ~0.75 m s1. A
25 kg clump weight, positioned above and in front of the ROV, was
used to stabilize the ROV at depth andmaneuver it as a semi-towed
vehicle. ROV navigationwas determined bywire angle and wire out
in relation to a topside GPS receiver (Hemisphere V110GPS). Cross-
referencing features observed in both the CHIRP and ROV provided
Fig. 1. Map of the Rose Canyon Fault Zone and the Del Mar pop-up feature where CHIRP and ROV transects were conducted. CHIRP transects 2, 3, 4, 5 and 7 are indicated by white
lines. ROV tracks are indicated in color along CHIRP 3 (blue), CHIRP 5 (green), and CHIRP 7 (red). Black lines indicate known faults.
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proaches often are employed in geophysical surveys (e.g., Hill et al.,
2004; Hogarth et al., 2012). Pre-planned routes along the CHIRP
transects were navigated, and positional tracks were recorded at
5 m intervals. High resolution (0.5 m horizontal resolution) shaded
relief maps, created from previous multi-beam survey data were
projected underneath the vessel track on a laptop as a real time
check for concordance between bottom features and the real-time
ROV video feed. The main ROV video camera (520 line, dynamic
range 90 mm to inﬁnity, color, 0.1 lux) provided a composite NTSC
signal that was converted from analog to digital format using a
Canopus ADVC110 converter (720  480 resolution,
29.97 frames s1) and recorded on a second laptop computer. A
GoPro Hero 2 camera housed in a Golem Gear LCD_150 housing,
was mounted on the side of the ROV and recorded high deﬁnition
video (1280  960 resolution, 48 frames s1) to aide animal iden-
tiﬁcation in the main video.2.4. Video sampling
ROV transect videos were analyzed in 5 s bin intervals along
each survey transect to identify bottom characteristics and quantify
megabenthos. Bottom characteristic factors included composition
(levels ¼ ’Boulders' [>1 m largest dimension], ‘Rocks With Sand’,
‘Sediment Veneer’, and ‘Soft’), slope (levels ¼ ’Flat’ [~<5], and
‘Sloped’ [>5]), grain size (levels ¼ ’Coarse’[>2 mm],
’Fine’[0.063e2 mm], ’Mud’[<0.063 mm], and ’None’), and bedform
(levels ¼ ’Hatched Ripples', ’Outcrop’, ’Smooth’). All megafauna
(ﬁnﬁsh and invertebrates) on or near the bottomwere enumerated
to the lowest possible taxonomic level. Avoidance of underwater
vehicles by mobile species is known to be problematic for esti-
mating animal densities (Lorance and Trenkel, 2006). However, we
assumed avoidance for individual species would be consistent
among the CHIRP lines since the focus of our study was to estimate
relative densities and diversity among the CHIRP lines.
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Data analysis consisted of (1) characterizing habitat features
(bottom composition and morphology) and habitat length scales
among the CHIRP lines, (2) associating species assemblages with
habitats, (3) characterizing beta diversity and species rank abun-
dance along the transgressive surface gradient, and (4) gaging po-
tential non-linear dependencies of species abundance along the
transgressive surface gradient. Only demersal species known to be
resident on or near the benthos as adults were included in the
analyses to avoid seasonal bias. All data analyses were conducted
using R (R Core Team, 2014) including the ‘vegan’ (Oksanen et al.,
2013), ‘multcomp’ (Hothorn et al., 2008), ’MASS’ (Venables and
Ripley, 2002), ‘rgdal’ (Bivand et al., 2014), ‘sp’ (Bivand et al.,
2013), ‘cluster’ (Maechler et al., 2015), and ‘plotrix’ (Lemon, 2006)
libraries.
Bottom features were characterized using multiple correspon-
dence analysis (MCA) to generate derived quantitative orthogonal
habitat factors (hereafter ‘MCA factors’) from the categorical bot-
tom characteristic factors derived from the ROV video. MCA anal-
ysis (Greenacre and Blasius, 2006) is a categorical analog of
principal component analysis (PCA). MCA scores were then used to
develop habitat clusters (hereafter ‘PAM clusters’) using partition-
ing around medoids (PAM). PAM utilizes medoids representing
distinctive characteristic habitat clusters which are constructed in a
divisive fashion using an objective function that minimizes the sum
of the dissimilarities between each observation and the set of
medoids (Reynolds et al., 1992). Seven PAM clusters were chosen
based on the ﬁrst large difference in silhouettes (average cluster
dissimilarity) with increasing numbers of clusters. Results of the
MCA and PAM analyses were used to estimate length scales of
contiguous habitat and habitat diversity (Renyi entropy e Kindt
and Coe, 2005), respectively. Renyi entropy is calculated as a
function of the scaling parameter a that yields differential sensi-
tivity to rare and abundant habitats. Patch length was calculated by
differencing along-track distances where habitat transitions
occurred using the R ‘sp’ library. Positions were ascertained by time
matching ROV observations with ROV track. Signiﬁcance testing for
differences in habitat-patch length among CHIRP transects was
conducted using Tukey's honest signiﬁcance difference method
(Miller, 1981).
Species rank abundance and cumulative percent dominance
were modeled for each CHIRP transect using the ‘radﬁt’ function in
‘vegan’ (Wilson, 1991), and the best ﬁtting models (log-normal
models, link function ¼ log, family ¼ Poisson) were plotted.
Redundancy analysis (RDA) was used to characterize the associa-
tion of bottom habitats to megafaunal abundances estimated from
the ROV video. Redundancy analysis is the multivariate response
variable analog of multiple regression (Legendre and Legendre,
1998). RDA's were conducted for unconditioned data, and data
conditioned by CHIRP line. Permutation testing (999 permutations
each) was used to test for the signiﬁcance of (1) the overall un-
conditioned model, (2) the conditioned model, and (3) comparison
of the two models (Legendre and Legendre, 1998). The latter was
conducted to determine the signiﬁcance of the effect of condi-
tioning the RDA by CHIRP line, thus effectively gaging the impor-
tance of the differing degrees of community-wide habitat
occupancy and diversity among the lines. Signiﬁcance of the
permuted comparison of models indicates signiﬁcant beta diversity
(Legendre et al., 2005) along the transgressive surface gradient.
Additionally, non-linear habitat occupancy among CHIRP lines for
individual species was examined for the most commonly observed
species. Individual species abundance was ﬁrst modeled as a
function of the MCA-derived variables (to avoid collinearity issues;
Graham, 2003) using linear multiple regression. Only signiﬁcantfactors (p < 0.05) and factor levels were included in each species
model. Residuals from the individual species models were then
compared among CHIRP lines using Tukey's all pair comparisons.
Shannon diversity (Hill, 1973) and evenness (Pielou, 1969) were
calculated for each CHIRP transect. Finally, Renyi taxonomic di-
versity was calculated for each CHIRP line as previously discussed
for habitats.
3. Results
3.1. Geophysical surveys
CHIRP proﬁles exhibit three distinct geological features (Fig. 2)e
the transgressive surface, basal lag deposits, and modern Holocene
deposits. The transgressive surface, which shoals northward, ex-
hibits pronounced truncation formed by surfacewave and subaerial
erosion during multiple cycles of Pleistocene sea level ﬂuctuation
(Figs. 2 and 3). The mid to outer shelf region of the transgressive
surface is overlain by a basal lag deposit that is likely a result of the
most recent Pleistocene sea level transgression (Le Dantec et al.,
2010) and whose thickness covaries with the shoaling of the un-
derlying transgressive surface. The modern Holocene subunit
overlays both the transgressive surface and the basal lag deposit,
and comprises the majority of sediment covering the transgressive
surface. Its thickness varies considerably both along and across the
margin. A cross-shore depocenter is evident as a wedge shaped
proﬁle 10e20 m thick (Fig. 3), and its alongshore thickness ranges
from ~10 m in the south thinning systematically northward until it
virtually disappears near CHIRP 7 where there is less sediment
between 40 and 70 m due to uplift along the Rose Canyon Fault.
Visibility observed in the ROV videos was reduced to 2e3 m at
depths between 60 and 80 m along all three transects indicating
the potential role of internal waves forcing the deeper edge of the
depocenter through resuspension (Cacchione and Drake, 1986).
3.2. Habitats
Habitat composition and patch length scales varied greatly
among the CHIRP lines. Forcing of habitats by the northward
shoaling transgressive surface and sediment depocenter is evident
in the differential habitat types and diversity observed among the
CHIRP transects. Four factors accounted for ~82% of the overall
variability in the MCA analysis of ROV bottom characteristic factors
(cumulative variances and factor loadings are listed in Table 1).
MCA factor loadings characterize the most important bottom
characteristic factor for each MCA factor. MCA factor 1 consists of
soft bottom dominated by muds exhibiting a ﬂat bedform. Boul-
ders, slope, and a lack of sediment characterize MCA factor 2. MCA
factor 3 habitats include rocks interspersed with soft sediment
(mostly muds) also lacking in bedform rugosity, whereas MCA
factor 4 is dominated by coarse sand. A plot of bottom characteristic
factors among the ﬁrst two MCA factors (whose area indicates the
degree of ﬂat soft bottom on the abscissa and ﬂat to sloped bare
hard ground on the ordinate) characterizes CHIRP 3 as mainly ﬂat
and unconsolidatedwhile CHIRP 5 and 7 are increasingly composed
of hard sloped boulders and outcrops (Fig. 4).
A histogram of PAM clusters, which represent combinations of
the most important bottom characteristic factors (listed in
Table A.1), indicates that CHIRP 5 has the greatest diversity of PAM
clusters (Fig. A.1). All seven PAM clusters were common along
CHIRP 5, which displayed much greater habitat diversity across the
range of common to rare habitats than CHIRP 3 and 7 (Fig. 5 top
panel). Outcropping features, sediment veneers and boulders were
most abundant along CHIRP 7 (Fig. A.1). Habitat diversity along
CHIRP 7 was greater than CHIRP 3 at a < 3 and was similar for a > 3
Fig. 2. CHIRP proﬁles (CHIRP 7, CHIRP 5, and CHIRP 3) run cross-shore and image the shoaling of the transgressive surface from south to north (CHIRP 3 to CHIRP 7). Refer to Fig. 1
for locations of CHIRP proﬁles.
Fig. 3. Alongshore CHIRP proﬁles (CHIRP 2 and CHIRP 4) run along the strike of the Rose Canyon Fault closely paralleling the shoreline. CHIRP 2 and 4 demonstrate the shoaling of
the transgressive surface and thinning of the modern Holocene sediments to the north from the Scripps Canyon to the Del Mar pop-up feature. Locations of intersection with cross-
shore CHIRP ROV transects are also indicated. Refer to Fig. 1 for locations of CHIRP proﬁles.
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greater, and the diversity of rarer habitats was similar between thetwo CHIRP lines. Despite their similar diversity proﬁles, both MCA
factors (Fig. 4) and PAM clusters (Fig. A.1) were quite different for
Table 1
MCA factor loadings for bottom characteristic factors. Scaled values >0.25 standard
deviations are highlighted in bold. The 4 MCA factors accounted for ~82% of total
variability.
Factor Level MCA 1 MCA 2 MCA 3 MCA 4
Composition Boulder 0.0351 0.0259 0.0050 0.0040
Rocks with sand 0.0099 0.0253 0.0727 0.1059
Sediment veneer 0.0141 0.0378 0.0028 0.0109
Soft 0.0188 0.0101 0.0048 0.0012
Slope Flat 0.0008 0.0013 0.0001 0.0002
Slope 0.0816 0.1367 0.0123 0.0252
Grain Coarse 0.0044 0.0060 0.0151 0.0934
Fine 0.0012 0.0095 0.0146 0.0048
Mud 0.0151 0.0093 0.0387 0.0105
None 0.0505 0.0574 0.0036 0.0046
Bedform Hatched ripples 0.0158 0.0013 0.0791 0.0402
Outcrop 0.0219 0.0118 0.0055 0.0014
Smooth 0.0193 0.0119 0.0066 0.0076
Percent cumulative variance 25.4% 46.0% 64.5% 81.9%
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shoaling transgressive surface has resulted in (1) a low diversity
soft-bottom dominated habitat in the south with a few rocky out-
crops to (2) a diverse mix of soft and hard bottom habitats with
abundant sediment veneers and low relief outcrops along CHIRP 5
to (3) a sharply contrasting soft bottom interspersed with larger
and higher relief outcrops along CHIRP 7.
Median habitat patch length scales also varied along this habitat
gradient with decreasing median patch length scales from south to
north (65, 35, and 30 m for CHIRP 3, 5, and 7 respectively e see
Fig. 6) indicating that habitat patch core areas decrease, and patchFig. 4. Plot of the ﬁrst two MCA factors describing bottom characteristic factors (Com
‘SedVnr’ ¼ thin veneer of sediments, ‘Soft’ ¼ soft bottom; Relief Angle factors include ‘Fl
outcrop]’; Bedform factors include ‘HR’ ¼ hatched ripples, ‘OC’ ¼ outcrop, ‘Smth’ ¼ smoot
Triangles indicate range of habitats observed on each CHIRP transect.density and interspersion increase northward. Multiple compari-
sons of patch lengths along the CHIRP lines indicate that patch
lengths along CHIRP 3 were signiﬁcantly greater than CHIRP 5 and
CHIRP 7 (p < 0.001 for CHIRP 3 vs. CHIRP 5 and CHIRP 3 vs. CHIRP 7).
However, patch lengths were not signiﬁcantly different between
CHIRP 5 and 7 (p ¼ 0.940).3.3. Species and community habitat utilization patterns
Sixty-three megafaunal species/taxa were discriminated in the
ROV video along the pooled CHIRP transects. Of these, 37 species
were observed in 1% of all ROV observations (Table A.2). Species/
taxa richness increased northward as 28, 42, and 52 species were
observed along CHIRP 3, 5, and 7 respectively. Shannon diversity
also increased northward (2.12, 2.35, 2.91 for CHIRP 3, 5, and 7
respectively). Species evenness was greatest along CHIRP 7 (0.741),
whereas evenness was similar between CHIRP 3 (0.64) and CHIRP 7
(0.63). Plots of species rank abundance and cumulative percent
dominance (Fig. 7) illustrate that megafaunal abundance was much
greater along CHIRP 5 and 7 compared to the less speciose CHIRP 3
transect, and an increasingly greater number of species contributed
to rank abundance from north to south, thus indicating beta di-
versity along the shoaling transgressive surface (compare to Fig. 5
bottom panel).
Habitat occupancy for species observed in 1% of the ROV
sample observations (37 species, see Table A.2) is shown in a plot of
the RDA results of the pooled unconditioned RDA (Fig. 8). The most
habitat selective species are located furthest from the origin in
Fig. 8 and include (1) all hard-bottom sessile megafauna includingposition factors include ‘Bldr’ ¼ boulder, ‘R/S’ ¼ rocks mixed with soft sediment,
at’, ‘Slope’; Grain size factors include ‘Coarse’, ‘Fine’, ‘Mud’, and ‘None’ [consolidated
h unconsolidated sediment. See text for full description of habitat factors and levels.
Fig. 5. Renyi diversity (entropy) as a function of scaling parameter (a) for habitats (a) and taxa (b) observed along CHIRP transect lines. Increasing values of a represent increasingly
rarer habitats/taxa.
Fig. 6. Boxplots of contiguous habitat patch lengths for CHIRP transects. Boxes indicate 25th and 75th percentiles, whiskers indicate 5th and 95th percentiles. Bold lines indicate
medians.
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serratissima, and cup corals, (2) mobile unconsolidated bottom and
sediment veneer species including Thesea spp., infaunal ophiuroids,
Lytechinus spp., Parastichopus californicus, Diopatra spp., and (3)
schooling ﬁshes including Chromis punctipinnis and Sebastes
paucispinis.
The constrained components of the unconditioned RDA
(Table 2) accounted for ~28% of the total inertia, and the permu-
tation test was highly signiﬁcant (p << 0.001). Conditioning the
RDA by CHIRP line gained 3% more of total model inertia and was
also signiﬁcant (permutation test p < 0.001). Permutation testing tocompare the two models was highly signiﬁcant (p < 0.001) indi-
cating that beta diversity along the shoaling transgressive surface is
signiﬁcantly related to bottom morphology. Thus, forcing of beta
diversity by tectonic forcing and sediment allocation is
unambiguous.
Several species exhibited non-linear habitat occupancy among
the CHIRP transects based on among-CHIRP comparisons of mul-
tiple regression residuals. Seventy-three percent of abundant spe-
cies observed on all three CHIRP lines and that were signiﬁcantly
related to particular habitats clearly occupied their preferred hab-
itats differently among the CHIRP lines. In effect, these species were
Fig. 7. Modeled rank abundance (a) and cumulative percent dominance (b) by species/
group rank for CHIRP lines 3, 5, and 7. Rank abundance and percent dominance was
modeled using generalized linear models of species/group counts along each transect
(log link function, Poisson error distribution).
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proportional habitat composition observed along a given CHIRP
line (Table 3).
The only exceptions were (1) small encrusting species including
the cup coral Paracyathus stearnsii, and the sponge Toxadocia spp.,
and (2) the suspension-feeding cnidarian Thesea sp. Along CHIRP 3,
infaunal ophiuroids, the sea cucumber Parastichopus californicus,
and the gorgonian Adelogorgia phyllosclera were observed in
greater abundances, and the sea urchin Lytechinus spp. was
observed in signiﬁcantly lower abundances than would be ex-
pected based on habitat composition. The abundance of the tubi-
culous polychaete worm, Diopatra spp., was signiﬁcantly greater
and abundances of the gorgonians Eugorgia rubens and Lophogorgia
chilensis and infaunal ophiuroids were signiﬁcantly less than ex-
pected along CHIRP 5. Lophogorgia chilensis and the gobiid Rhino-
gobiops nicholsii were observed at signiﬁcantly greater abundances
than expected and Adelogorgia phyllosclera and infaunal ophiuroids
were observed less than expected along CHIRP 7.4. Discussion
The results of this study indicate that species abundance and
diversity patterns are clearly related to the gradational habitat
structure resulting from tectonic and sedimentary processes (sensu
Hogarth et al., 2007). The juxtaposition of the northward shoaling
transgressive surface, the tectonically-controlled Holocene depo-
center, and the surface-wave energy climate has created a textur-
ally complex seascape that is differentially occupied by shelf
megabenthos. While the entire region is dominated by unconsoli-
dated sediments, there is a clear gradient of small scale (decameter)patches nested within a larger-scale (myriameter) alongshore
habitat gradient trending from soft to hard bottom. In response, the
shelf community exhibits signiﬁcant beta diversity along the
transgressive surface gradient, and the habitat structure along the
shoaling transgressive surface exerts complex low level control of
species abundance and distribution patterns that are dispropor-
tionate for several species. These results indicate that habitat patch
characteristics and distribution affect how species occupy and
likely interact within this seascape in a complex manner. Sediment
thicknesses thin and emergent hardbottom extent and proﬁle in-
crease northward along the gradient resulting in differential char-
acteristic patch lengths and a decreasing potential for hardground
sediment burial disturbance. These results have important impli-
cations for contextualizing and scaling ecological process studies
and for the efﬁcacy of acoustic remote sensing as a surrogate of
species abundance, diversity, and community composition. In this
soft-bottom dominated coastal shelf system, megafaunal biodi-
versity does not scale with habitat diversity unlike the generally
accepted dogma formany other biomes (Simpson,1949;MacArthur
and Wilson, 1967; Tews et al., 2004), and patterns of abundance
appear dependent on the underlying characteristic patch mosaic
for many species (see also Anderson and Yoklavich, 2007; Anderson
et al., 2009; Hunter-Thomson, 2011). Our results concur with pre-
vious studies of shallow benthos diversity that have also shown
areas with the greatest taxonomic diversity do not necessarily
coincide with the greatest habitat diversity (e.g., Parnell et al.,
2006; Messmer et al., 2011), and that habitat effects on biodiver-
sity are likely scale dependent (Hewitt et al., 2005; Anderson et al.,
2009).
4.1. Patterns of diversity
Environmental heterogeneity including habitat complexity is
generally thought to increase species richness (Huston, 1994;
Statzner and Moss, 2004). This was clearly observed in our study
inwhich species richness was greatest along CHIRP 7where bottom
complexity (patchy outcrops, boulders and sloped bottom nested
within a larger area of unconsolidated sediments) was greatest.
However, the greatest habitat diversity was observed along CHIRP 5
(Fig. 5, top panel), where taxonomic diversity was intermediate
between CHIRP 7 and CHIRP 3 (Fig. 5, bottom panel). These ob-
servations indicate that structural complexity is a more important
driver of species diversity than habitat diversity in this shelf system.
Habitat complexity and diversity are implicitly characterized at
different spatial scales and therefore affect taxonomic diversity
differently across spatial scales (Anderson and Yoklavich, 2007).
Habitat complexity is locally-scaled, whereas habitat diversity, by
deﬁnition, is inclusive of multiple patches of characteristic habitat
types. The distribution, composition, and sizes of characteristic
patches therefore must be considered when characterizing taxo-
nomic diversity (Anderson and Yoklavich, 2007; Hunter-Thomson,
2011). In our local shelf system and in many shelf systems glob-
ally, patch structure is forced by the superposition of unconsoli-
dated sediments on the underlying hardgroundwhosemorphology
records the interaction of tectonic deformation and sea level
changes.
The patch structure of the DMPF is dominated by the trans-
gressive surface gradient, which manifests as an ecotone with
signiﬁcant beta diversity. The gradation in habitat patch structure is
subtle and is only observable at the appropriate scale, identiﬁed by
seismic sub-bottom proﬁling, yet has produced a robust biological
gradient. Factors that likely contribute to the observed beta di-
versity include gradients of patch size, habitat fragmentation,
sediment burial disturbance (associated with sediment thickness),
species-area relationships, edge effects, and biotic interactions
Fig. 8. Plot of species afﬁnities to bottom characteristic factors resulting from RDA analysis. See Table A.1 for a list of species/taxa acronyms. Bottom characteristic factors included:
‘C.S’ ¼ composition.soft, ‘C.RS’ ¼ composition.rock/sand, ‘C.SV’ ¼ composition.sediment veneer, ‘C.B’ ¼ composition.boulder, ‘G.C’ ¼ grain.coarse, ‘G.F’ ¼ grain.ﬁne,
‘G.M’ ¼ grain.mud, ‘G.N’ ¼ grain.none, ‘R.S’ ¼ relief angle.sloped, ‘R.F’ ¼ relief angle.ﬂat,‘B.S’ ¼ bedform.smooth, ‘B.O’ ¼ bedform.outcrop, ‘B.HR’ ¼ bedform.hatched.ripples.
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important drivers in landscape ecological studies (Wu and Loucks,
1995), and in the emerging ﬁeld of seascape ecology (Pittman andTable 2
Results of RDA analysis and permutation tests for full unconditioned model of species
permutation signiﬁcance test comparing the two models (bottom).
RDA not conditioned by CHIRP line
Inertia (variance) Inertia proportion
Total 33.90 1.00
Constrained 9.52 0.28
Unconstrained 24.39 0.72
Eigenvalues RDA1 ¼ 8.78, RDA2 ¼ 1.26, RDA3 ¼ 0.22, …
PC1 ¼ 17.24, PC2 ¼ 1.19, PC3 ¼ 0.85, …
Permutation test Component d.f.
Model 7
Residual 586
RDA conditioned by CHIRP line
Inertia (variance) Inertia proportion
Total 33.90 1.00
Conditional 1.030 0.03
Constrained 10.44 0.31
Unconstrained 22.43 0.66
Eigenvalues RDA1 ¼ 9.75, RDA2 ¼ 1.27, RDA3 ¼ 0.19, …
PC1 ¼ 15.58, PC2 ¼ 1.21, PC3 ¼ 0.737, …
Permutation test Component d.f.
Model 7
Residual 584
Permutation test of conditioned and unconditioned RDA models
Model Residual d.f. Residual variance d.f.
Unconditioned 586 24.39 2
Conditioned 584 22.43
Signiﬁcance (p < 0.05) is indicated by boldface.Brown, 2011), in which most studies thus far have been conducted
in estuarine, intertidal, or shallow subtidal systems.
The present work extends the question of the importance of ﬁneand habitat variables (top), RDA conditioned by CHIRP transect line (middle), and
Rank
7
37
Variance F p Permutations
9.52 32.66 0.001 999
24.39
Rank
8
7
37
Variance F p Permutations
10.44 38.84 0.001 999
22.43
Variance F p Permutations
1.95 25.43 0.001 999
Table 3
Results of (1) linear regressionmodels of species abundance as a function of environmental variables inwhich CHIRP transectwas included, and (2) simultaneous general linear
hypothesis tests of residuals of linear regression models which excluded CHIRP transect (see text).
Species Species codea p CHIRP 3b CHIRP 5b CHIRP 7b
Cnidarians
Adelogorgia phyllosclera ap <0.001 3.20, 2.06, 4.34 0.17, 0.39, 0.73 ¡1.11, 1.72, 0.500
Eugorgia rubens eu 0.005 0.11, 0.05, 0.27 ¡0.09, 0.17, 0.01 0.07, 0.012, 0.16
Lophogorgia chilensis Lo 0.013 0.02, 0.31, 0.27 ¡0.26, 0.40, 0.12 0.31, 0.15, 0.47
Paracyathus stearnsii Cu 0.513 0.08, 0.13, 0.29 0.01, 0.09, 0.11 0.03, 0.14, 0.08
Thesea sp. th 0.711 0.05, 0.08, 0.18 0.002, 0.06, 0.07 0.02, 0.09, 0.05
Echinoderms
Infaunal ophiuroids io <0.001 0.80, 0.56, 1.04 ¡0.25, 0.37, 0.13 0.15, 0.02, 0.27
Lytechinus spp. ly <0.001 ¡0.46, 0.70, 0.22 0.03, 0.09, 0.14 0.10, 0.03, 0.23
Parastichopus californicus Pc <0.001 0.37, 0.23, 0.51 0.08, 0.15, 0.02 0.004, 0.08, 0.07
Annelids
Diopatra spp. dp 0.027 0.08, 0.28, 0.12 0.21, 0.11, 0.31 0.03, 0.08, 0.13
Porifera
Toxadocia spp. wfs 0.371 0.14, 0.09, 0.36 0.09, 0.20, 0.02 0.06, 0.06, 0.18
Fish
Rhinogobiops nicholsii bgo <0.001 0.06, 0.17, 0.04 0.01, 0.06, 0.04 0.03, 0.03, 0.08
a Species code refers to codes used in RDA analysis (Fig. 8).
b Values in CHIRP columns indicate estimated expectation, lower and upper 95% family-wise conﬁdence levels. Signiﬁcantly different estimated expectation values are
indicated in bold.
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blages to continental shelf depths. Previous work at shelf and
deeper depths has mainly focused on animalehabitat associations
(e.g., Kostylev et al., 2001; Vierling et al., 2008) in which habitats
are deﬁned at larger scales, and habitats are differentiated with
lower categorical resolution (e.g., deep reefs, unconsolidated sedi-
ments, etc.). In such a classiﬁcation system, the DMPF would be
considered a sand plain with scattered outcrops wherein the gra-
dients of animal and habitat diversity would not have been
resolved. This would be problematic for the application of digital
elevation models as proxies for patterns of megabenthic species
abundance, and could mask speciesehabitat associations in so
called patternepattern studies in which spatial patterns of species
abundance are tested for correlation with seascape features
(Bostrom et al., 2011).
4.2. Patch structure and species occupancy
The tectonically forced patch structure of the DMPF is closely
related to individual species abundance patterns as evidenced by
signiﬁcant differences among the CHIRP transect regression re-
siduals (Table 3). These are likely driven by ecological processes
associated with seascape patch structure such as edge effects
(Jelbart et al., 2006), predator foraging patterns (Rilov and Schiel,
2006) and density (Stier et al., 2014), prey refugia (Wcisel et al.,
2015), and movement corridors for mobile species (Appeldoorn
et al., 2009). Species occupancy patterns observed in this study
provide a starting point fromwhich to design and conduct pattern-
process studies focused on developing a mechanistic understand-
ing of species abundance and diversity patterns forced by seascape
patch structure. The shoaling transgressive surface provides a
natural laboratory to conduct more detailed observational and
experimental studies.
The results of regression model residuals for species common to
all 3 CHIRP transects indicated that these species were not
distributed among transects in relative proportion to their
preferred habitats. The underlying causes of these distributional
differences are not clear at present, and include patterns that may
be forced solely by biological processes or by biological interactions
modulated by physical patch structure (e.g, Hovel and Lipcius,
2001; Stier et al., 2014). The holothuroid, Parastichopus cal-
ifornicus is common in southern California trawl samples (Stull
et al., 1999) and is a habitat generalist with least afﬁnity to boul-
ders and rocky outcrops (Woodby et al., 2000). Therefore, itspreferential distribution along CHIRP 3, where unconsolidated
sediments were most dominant, may be behavioral or related to its
detrital food source, which may not be as greatly utilized by edge
foraging species. Predation is not likely since there are few known
predators of adult P. californicus, but commercial ﬁshing could
affect habitat occupancy. However, the commercial ﬁshery for
P. californicus off San Diego has thus far been mainly conducted by
divers within kelp forests. Similarly, the gobiid Rhinogobiops nich-
olsiiwas observed at a disproportionately greater abundance along
CHIRP 7. R. nicholsii is a structural and edge species specialist (Love,
2011), and CHIRP 7 exhibits the most structural edge habitat.
Similarly, the tubiculous polychaete Diopatra spp. (pooled D. ornata
and D. splendidissima) was observed at disproportionately greater
abundances along CHIRP 5 where its preferred habitat was most
abundant. The preferred habitat of Diopatra spp. consists of a
mixture of unconsolidated ﬁne sediments, gravel, shell hash and
rubble (Abbott and Reish, 1980) since soft sediments are a necessity
for burrowing and these species attach larger-grained particles and
rubble to their outer tube for protection frompredation. The habitat
occupancy patterns for P. californicus, R. nicholsii, and Diopatra spp.,
therefore appear to be enhanced in areas where their preferential
habitats are located, and appear to scale non-linearly with per-
centage of favorable habitat.
In contrast, greater habitat diversity along CHIRP 5 appears
related to disproportionate reductions in relative abundance for
the gorgonians Eugorgia rubens and Lophogorgia chilensis and for
pooled infaunal ophuiroids. Such disproportionate or non-linear
habitat occupancy for these species is quite possibly related to
patterns of patch size, interspersion, adjacency, and edge density.
Further observation and experimental work are needed to
develop a mechanistic understanding. On the other hand, some
species did not exhibit nonlinear habitat occupancy. These
included the sponge Toxadocia spp. and the cup coral Paracyathus
stearnsii, both small sessile organisms with limited dispersal
capability. Another species exhibiting a linear occupancy pattern
was the suspension feeding octocoral, Thesea sp., whose move-
ment is limited and which is mainly associated with thinly-
layered soft sediments and is common in southern California
trawls (Stull et al., 1999).
4.3. Implications and linking patterns to processes
Patterns of linear and non-linear occupancy observed in this
study appear robust and are ecologically important in this coastal
Table A.1Characterization of PAM clusters resulting from partitioning around
medoids (PAM) cluster analysis. Deﬁning bottom characteristic factors dominant
for each PAM cluster are listed.
PAM cluster Deﬁning bottom characteristic factors
1 Soft, Flat, Fine, Smooth
2 Soft, Flat, Mud, Smooth
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linking multiple habitat scales is important for a fuller under-
standing of species distributional patterns (e.g., Anderson et al.,
2009). Using a combination of seismic, acoustic, and ROV data we
have identiﬁed the larger seascape scale that forces patch structure
in this soft-sediment dominated shelf and how the megabenthos
occupy this structure. The next step is to utilize these scales and
patches of habitat for the design and stratiﬁcation of patch speciﬁc
studies of species occupancy and interaction.
These results have important implications for conservation
planning (Collinge, 1996; Rhodes et al., 2008). Associated with
habitat fragmentation and patch structure are local patch extinc-
tion risks, connectivity, and colonization potential, which increase
complexity and affect the ecological functioning of the seascape
mosaic for supporting metapopulations and biodiversity at the
desired scales of conservation planning (Bascompte and Sole,
1996; Tilman et al., 1994). These results also have implications
for the efﬁcacy of remotely-sensed habitats as surrogates for
species abundance and diversity (Anderson et al., 2005; Harris and
Baker, 2012) in coastal shelf communities. Habitat-species abun-
dance relationships established in a particular seascape are not
likely transferrable to other seemingly similar seascapes especially
when their patch structure and characteristic length scales vary as
they do for the tectonically forced shelf habitats off La Jolla and Del
Mar.3 Sediment Veneer, Flat, Fine, Outcrop
4 Boulder, Flat, Fine, Outcrop
5 Boulder, Flat, None, Outcrop
6 Soft, Flat, Fine, Hatched Ripples
7 Rocks with Sand, Flat, Mud, OutcropAcknowledgments
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ap Adelogorgia phyllosclera Orange Gorgonian Cn
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lo Lophogorgia chilensis Red Gorgonian Cn
cu Paracyathus stearnsii, Balanophyllia elegans Cup Corals Cn
pc Parastichopus californicus California Sea Cucumber Ech
dp Diopatra spp. Parchment Tubeworm An
eu Eugorgia rubens Purple gorgonian Cn
wfs Toxadocia spp. White Finger Sponges Po
th Thesea sp. Yellow Sea Twig Cn
bgo Rhinogobiops nicholsii Blackeye Goby Ch
lz Synodus lucioceps California Lizardﬁsh Ch
ch Paralichthus californicus California Halibut Ch
ba Patiria miniata Bat Star Ec
ppl Polyclinum planum Elephant Ear Tunicate Tu
ir Mazzaella ﬂaccida Irridescent Algae Rh
spo Encrusting Sponges Pooled Encrusting sponges Po
st Stylatula elongata Slender Sea Pen Cn
cp Chromis punctipinnis Blacksmith Ch
hb Sebastes semicinctus Halfbanded Rockﬁsh Ch
ol Sebastes serranoides Olive Rockﬁsh Ch
ﬂ Sebastes rubrivinctus Flag Rockﬁsh Ch
lu Luidia foliolata Light Sand Star Ec
cd Florometra serratissima Feather Star Ec
eo Ophiura luetkeni Brokenspine Brittlestar Ec
fr Muricea fruticosa Brown Gorgonian Cn
pp Parastichopus parvimensis Warty Sea Cucumber Ec
com Zaniolepis spp. Combﬁsh Ch
ps Zalembius rosaceus Pink Seaperch Ch
sh Semicossyphus pulcher California Sheephead Ch
vr Sebastes miniatus Vermillion Rockﬁsh Ch
bo Sebastes paucispinis Bocaccio Ch
ro Sebastes rosaceus Rosy Rockﬁsh Ch
as Astropecten sp. Sand Star Ec
ii Luidia sarsi Dark Sand Star Ec
unksf Sebastes spp. (schooling) Pooled Schooling Rockﬁsh Ch
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ylum/subphylum Major group Frequency Density x (m2) Density s.d.
idaria Gorgoniid 0.365 0.317 0.666
hinodermata Asteroid 0.296 1.040 2.985
hinodermata Ophiuroid 0.204 1.251 3.768
idaria Gorgoniid 0.175 0.064 0.169
idaria Caryophylliid 0.174 0.791 2.647
inodermata Holothuroidea 0.113 0.020 0.067
nelida Polychaeta 0.103 0.535 2.117
idaria Gorgoniid 0.101 0.024 0.083
rifera Demospongiae 0.098 0.030 0.119
idaria Muriceid 0.095 0.019 0.064
ordata Gobiid 0.074 0.014 0.054
ordata Synodontid 0.046 0.007 0.029
ordata Paralichthyid 0.039 0.007 0.040
hinodermata Asteroid 0.031 0.006 0.037
nicata Polyclinid 0.029 0.009 0.057
odophyta Gigartinacea 0.026 0.011 0.077
rifera Demospongiae 0.026 0.005 0.034
idaria Virgulariid 0.024 0.004 0.029
ordata Pomacentrid 0.023 0.058 0.527
ordata Scorpaenid 0.023 0.009 0.058
ordata Scorpaenid 0.021 0.003 0.021
ordata Scorpaenid 0.021 0.003 0.020
hinodermata Asteroid 0.021 0.003 0.024
hinodermata Crinoid 0.019 0.005 0.038
hinodermata Ophiuroid 0.019 0.006 0.089
idaria Gorgoniid 0.018 0.005 0.044
hinodermata Holothuroidea 0.018 0.003 0.020
ordata Zaniolepid 0.016 0.003 0.022
ordata Embiotocid 0.014 0.012 0.152
ordata Labrid 0.013 0.002 0.014
ordata Scorpaenid 0.013 0.002 0.020
ordata Scorpaenid 0.013 0.005 0.054
ordata Scorpaenid 0.013 0.002 0.025
hinodermata Asteroid 0.010 0.005 0.032
hinodermata Asteroid 0.010 0.004 0.040
ordata Scorpaenid 0.010 0.196 1.282
ordata Scorpaenid 0.010 0.005 0.059
Fig. A.1. Distribution of PAM clusters (medoid groups) among the CHIRP transects. See Table A.1 for list of habitat features for each group.
R.D. Switzer et al. / Estuarine, Coastal and Shelf Science 169 (2016) 25e3736References
Abbott, D.P., Reish, D.J., 1980. Polychaeta: the marine annelid worms. In:
Morris, R.H., Abbott, D.P., Haderlie, E.C. (Eds.), Intertidal Invertebrates of Cali-
fornia. Stanford University Press, pp. 448e489.
Anderson, T.J., Yoklavich, M.M., 2007. Multiscale habitat associations of deepwater
demersal ﬁshes off central California. Fish. Bull. 105, 168e179.
Anderson, T.J., Yoklavich, M.M., Eittreim, S.L., 2005. Linking ﬁne-scale groundﬁsh
distributions with large-scale seaﬂoor maps: issues and challenges of
combining biological and geological data. Amer. Fish. Soc. Symp. 41, 667e678.
Anderson, T.J., Syms, C., Roberts, D.A., Howard, D.F., 2009. Multi-scale ﬁshehabitat
associations and the use of habitat surrogates to predict the organisation and
abundance of deep-water ﬁsh assemblages. J. Exp. Mar. Biol. Ecol. 379, 34e42.
Appeldoorn, R.S., Aguilar-Perera, A., Bouwmeester, B.L.K., Dennis, G.D., Hill, R.L.,
Merten, W., Recksiek, C.W., Williams, S.J., 2009. Movement of ﬁshes (Grunts:
Haemulidae) across the coral reef seascape: a review of scales, patterns and
processes. Caribb. J. Sci. 45 (2e3), 304e316.
Bascompte, J., Sole, R.V., 1996. Habitat fragmentation and extinction thresholds in
spatially explicit models. J. Anim. Ecol. 65, 465e473.
Bivand, R.S., Pebesma, E., Gomez-Rubio, V., 2013. Applied Spatial Data Analysis with
R, second ed. Springer, NY http://www.asdar-book.org/.
Bivand, R., Keitt, T., Rowlingson, B., 2014. Rgdal: Bindings for the Geospatial Data
Abstraction Library. R package version 0.9-1. http://CRAN.R-project.org/
package¼rgdal.
Bostrom, C., Pittman, S.J., Simenstad, C., Kneib, R.T., 2011. Seascape ecology of coastal
biogenic habitats: advances, gaps, and challenges. Mar. Ecol. Progr. Ser. 427,
191e217.
Cacchione, D.A., Drake, D.E., 1986. Nepheloid layers and internal waves over con-
tinental shelves and slopes. Geo-Mar. Lett. 6, 147e152.
Cacchione, D.A., Pratson, L.F., Ogston, A.S., 2002. The shaping of continental slopes
by internal tides. Science 296, 724e727.
Collinge, S.K., 1996. Ecological consequences of habitat fragmentation: implications
for landscape architecture and planning. Landsc. Urban Plann. 36, 59e77.
Emery, K.O., 1956. Deep standing internal waves in California basins. Limnol. Oce-
anogr. 1 (1), 35e41.
Graham, M.H., 2003. Confronting multicollinearity in ecological multiple regres-
sion. Ecology 84, 2809e2815.
Greenacre, M., Blasius, J., 2006. Multiple Correspondence Analysis and Related
Methods. Chapman Hall/CRC Press.
Haeckel, E., 1890. Planktonic studies: a comparative investigation of the importance
and constitution of the pelagic fauna and ﬂora. Jena. Z. 25, 565e641 (Engl.
transl. 1892, Rep. U.S. Comm. Fish., 1889e1991.).
Harris, P.T., Baker, E.K., 2012. Seaﬂoor Geomorphology as Benthic Habitat: GeoHab
Atlas of Seaﬂoor Geomorphic Features and Benthic Habitats. Elsevier, Amster-
dam, p. 947.
Henry, M.J., 1976. The Unconsolidated Sediment Distribution on the San Diego
County Mainland Shelf, California. San Diego State University. Masters thesis.
Hewitt, J.E., Thrush, S.F., Halliday, J., Duffy, C., 2005. The importance of small-scale
habitat structure for maintaining beta diversity. Ecology 86, 1619e1626.
Hill, M.O., 1973. Diversity and evenness: a unifying notation and its consequences.
Ecology 54, 427e432.
Hill, J.C., Driscoll, N.W., Weissel, J.K., Goff, J.A., 2004. Large-scale elongated gas
blowouts along the U.S. Atlantic margin. J. Geophys. Res. 109, 1e14.
Hogarth, L.J., Driscoll, N.W., Babcock, J., Orange, D.L., 2012. Transgressive deposits
along the actively deforming Eel river margin, Northern California. Mar. Geol.
303, 99e114.
Hogarth, L.J., Babcock, J., Driscoll, N.W., Le Dantec, N., Haas, J.K., Inman, D.L.,
Masters, P.M., 2007. Long-term tectonic control on Holocene shelf sedimenta-
tion offshore La Jolla, California. Geology 35 (3), 275.
Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous inference in general para-
metric models. Biom. J. 50 (3), 346e363.
Hovel, K.A., Lipcius, R.M., 2001. Habitat fragmentation in a seagrass landscape:
patch size and complexity control blue crab survival. Ecol. 82, 1814e1829.
Hunter-Thomson, K., 2011. Nearshore Fish Assemblage Patterns with Respect to
Landscape-scale Habitats in Central California. San Jose State University, SanJose, California. Master’s Thesis.
Huston, M.A., 1994. Biological Diversity. The Coexistence of Species on Changing
Landscapes. Cambridge Univ. Press, Cambridge.
Jelbart, J.E., Ross, P.M., Connolly, R.M., 2006. Edge effects and patch size in seagrass
landscapes: an experimental test using ﬁsh. Mar. Ecol. Progr. Ser. 319, 93e102.
Kendall, M.S., Miller, T.J., Pittman, S.J., 2011. Patterns of scale-dependency and the
inﬂuence of map resolution on the seascape ecology of reef ﬁsh. Mar. Ecol.
Progr. Ser. 427, 259e274. http://dx.doi.org/10.3354/meps08945.
Kindt, R., Coe, R., 2005. Tree Diversity Analysis: a Manual and Software for Common
Statistical Methods for Ecological and Biodiversity Studies. World Agroforestry
Centre (ICRAF), Nairobi.
Kostylev, V.E., Todd, B.J., Fader, G.B., Courtney, R.C., Cameron, G.D., Pickrill, R.A.,
2001. Benthic habitat mapping on the Scotian shelf based on multibeam ba-
thymetry, surﬁcial geology and sea ﬂoor photographs. Mar. Ecol. Prog. Ser. 219,
121e137.
Le Dantec, N., Hogarth, L.J., Driscoll, N.W., Babcock, J.M., Barnhardt, W.,
Schwab, W.C., 2010. Tectonic controls on nearshore sediment accumulation and
submarine canyon morphology offshore La Jolla, southern California. Mar. Geol.
268 (1), 115e128.
Legendre, P., Legendre, L., 1998. Numerical Ecology: Developments in Environ-
mental Modelling 20. Elsevier, Amsterdam.
Legendre, P., Borcard, D., Peres-Neto, P.R., 2005. Analyzing beta diversity: parti-
tioning the spatial variation of community composition data. Ecol. Monogr. 75,
435e450.
Lemon, J., 2006. Plotrix: a package in the red light district of R. R-News 6 (4), 8e12.
Lorance, P., Trenkel, V.M., 2006. Variability in natural behaviour, and observed re-
actions to an ROV, by mid-slope ﬁsh species. J. Exp. Mar. Biol. Ecol. 332,
106e119.
Love, M., 2011. Certainly More than You Want to Know about the Fishes of the
Paciﬁc Coast. Really Big Press, Santa Barbara, CA.
MacArthur, R.H., Wilson, E.O., 1967. The Theory of Island Biogeography, vol. 1.
Princeton University Press, Princeton.
Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M., Hornik, K., 2015. Cluster: Cluster
Analysis Basics and Extensions. R package version 2.0.1.
Messmer, V., Jones, G.P., Munday, P.L., Holbrook, S.J., Schmitt, R.J., Brooks, A.J., 2011.
Habitat biodiversity as a determinant of ﬁsh community structure on coral
reefs. Ecology 92, 2285e2298.
Miller, R.G., 1981. Simultaneous Statistical Inference, second ed. Springer-Verlag,
New York.
Oksanen, J.F., Blanchet, G., Kindt, R., Legendre, P., Minchin, P.R., O'Hara, R.B.,
Simpson, G.L., Solymos, P., Stevens, M.H.H., Wagoner, H., 2013. Vegan: Com-
munity Ecology Package. R package version 2.0e7. http://CRAN.R-project.org/
package¼vegan.
Parnell, P.E., Dayton, P.K., Lennert-Cody, C.E., Rasmussen, L.L., Leichter, J.J., 2006.
Marine reserve design: optimal size, habitats, species afﬁnities, diversity, and
ocean microclimate. Ecol. Appl. 16, 945e962.
Parnell, P.E., 2015. The effects of seascape pattern on algal patch structure, sea ur-
chin barrens, and ecological processes. J. Exp. Mar. Biol. Ecol. 465, 64e76.
Pielou, E.C., 1969. An Introduction to Mathematical Ecology. Wiley-Interscience,
New York.
Pittman, S.J., Brown, K.A., 2011. A multiscale approach for predicting ﬁsh species
distributions across coral reef seascapes. PLoS One 6 (5), e20583.
Pratson, L., Nittrouer, C., Wiberg, P., Steckler, M., Swenson, J., Cacchione, D.,
Karson, J., Murray, A.B., Wolinsky, M., Gerber, T., Mullenbach, B., Spinelli, G.,
Fulthorpe, C., O'Grady, D., Parker, G., Driscoll, N., Burger, C., Paola, C., Orange, D.,
Field, M., Friedrichs, C., Fedele, J., 2007. Seascape evolution on clastic conti-
nental shelves and slopes. In: Nittrouer, C.A., Austin, J.A., Field, M.E., Kravitz, J.H.,
Syvitski, J.P.M., Wiberg, P.L. (Eds.), Continental-Margin Sedimentation: from
Sediment Transport to Sequence Stratigraphy. Blackwell Publishing,
pp. 339e380.
R Core Team, 2014. R: a Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.
org/.
Reynolds, A., Richards, G., de la Iglesia, B., Rayward-Smith, V., 1992. Clustering rules:
a comparison of partitioning and hierarchical clustering algorithms. J. Math.
R.D. Switzer et al. / Estuarine, Coastal and Shelf Science 169 (2016) 25e37 37Model. Algorith. 5, 475e504.
Rhodes, J.R., Callaghan, J.G., McAlpine, C.A., De Jong, C., Bowen, M.E., Mitchell, D.L.,
Lunney, D., Possingham, H.P., 2008. Regional variation in habitateoccupancy
thresholds: a warning for conservation planning. J. Appl. Ecol. 45 (2), 549e557.
Rilov, G., Schiel, D.R., 2006. Trophic linkages across seascapes: subtidal predators
limit effective mussel recruitment in rocky intertidal communities. Mar. Ecol.
Progr. Ser. 327, 83e93.
Ryan, D.A., Brooke, B.P., Collins, L.B., Kendrick, G.A., Baxter, K.J., Bickers, A.N.,
Siwabesyy, P.J.W., Pattiaratch, C.B., 2007. The inﬂuence of geomorphology and
sedimentary processes on shallow-water benthic habitat distribution: Esper-
ance bay, western Australia. Estuar. Coast. Shelf Sci. 72 (1), 379e386.
Shepard, F.P., 1948. Submarine Geology. Harper and Brothers, New York.
Shepard, F.P., Marshall, N.F., McLoughlin, P.A., 1974. Currents in submarine canyons.
Deep Sea Res. 21, 691e706.
Simpson, E.H., 1949. Measurement of diversity. Nature 163, 688.
Statzner, B., Moss, B., 2004. Linking ecological function, biodiversity and habitat: a
mini-review focusing on older ecological literature. Basic Appl. Ecol. 5, 97e106.
Stier, A.C., Hanson, K.M., Holbrook, S.J., Schmitt, R.J., Brooks, A.J., 2014. Predation and
landscape characteristics independently affect reef ﬁsh community organiza-
tion. Ecology 95, 1294e1307.
Stull, J.K., Allen, M.J., Moore, S.L., Tang, C.L., 1999. Relative Abundance and Health of
Megabenthic Invertebrate Species on the Southern California Shelf in 1994,
pp. 189e209. SCCWRP Annual Report 2000.
Tews, J., Brose, U., Grimm, V., Tielborger, K., Wichmann, M.C., Schwager, M.,
Jeltsch, F., 2004. Animal species diversity driven by habitat heterogeneity/di-
versity: the importance of keystone structures. J. Biogeogr. 31, 79e92.Thrush, S.F., Hewitt, J.E., Cummings, V.J., Ellis, J.I., Hatton, C., Lohrer, A., Norkko, A.,
2004. Muddy waters: elevating sediment input to coastal and estuarine habi-
tats. Front. Ecol. Env. 2, 299e306.
Tilman, D., May, R.M., Lehman, C.L., Nowak, M.A., 1994. Habitat destruction and the
extinction debt. Nature 371, 65e66.
Turner, M.G., 1989. Landscape ecology: the effects of pattern on process. Annu. Rev.
Ecol. Syst. 20, 171e197.
Venables, W.N., Ripley, B.D., 2002. Modern Applied Statistics with S., fourth ed.
Springer, New York.
Vierling, K.T., Vierling, L.A., Gould, W.A., Martinuzzi, S., Clawges, R.M., 2008. Lidar:
shedding new light on habitat characterization and modeling. Front. Ecol. Env.
6, 90e98.
Wcisel, M., O'Riain, M.J., de Vos, A., Chivell, W., 2015. The role of refugia in reducing
predation risk for Cape fur seals by white sharks. Behav. Ecol. Sociobiol. 69,
127e138.
Wedding, L.M., Lepczyk, C.A., Pittman, S.J., Friedlander, A.M., Jorgensen, S., 2011.
Quantifying seascape structure: extending terrestrial spatial pattern metrics to
the marine realm. Mar. Ecol. Progr. Ser. 427, 219e232.
Wiens, J.A., 1995. Landscape mosaics and ecological theory. In: Hansson, L., Fahrig, L.
(Eds.), Mosaic Landscapes and Ecological Processes. Springer, pp. 1e26.
Wilson, J.B., 1991. Methods for ﬁtting dominance/diversity curves. J. Veg. Sci. 2,
35e46.
Woodby, D., Smiley, S., Larson, R., 2000. Depth and distribution of Parastichopus
californicus near Sitka, Alaska. Alsk. Fish. Res. Bull. 7, 22e32.
Wu, J., Loucks, O.L., 1995. From balance of nature to hierarchical patch dynamics: a
paradigm shift in ecology. Q. Rev. Biol. 70 (4), 439e466.
